Background
==========

Modern oral implantology began in the mid-20^th^ century, the clinical success of which has led to the widespread use of osseointegrated dental implants as substitutes for missing teeth in partially or completely edentulous patients. However, osseointegration represents a direct connection between the implant and bone tissue without the periodontium. The absence of periodontal fibers and pressoreceptors appears to cause dental implants to be less resistant and sensitive to occlusal overload than natural teeth \[[@b1-medscimonit-18-8-hy42]\]. Some problems are inevitable, such as peri-implant bone loss caused by overloading \[[@b2-medscimonit-18-8-hy42]\], which can destroy osseointegration, jeopardize the integrity of the implant, and lead to implant failure \[[@b3-medscimonit-18-8-hy42]\].

Some regenerative treatments, including autologous bone grafting, augmentation with bone substitutes or growth factors, and guided bone regeneration, were reported in single cases to be effective in inducing peri-implant bone regeneration \[[@b4-medscimonit-18-8-hy42]--[@b9-medscimonit-18-8-hy42]\]. However, these treatments are only stopgap solutions to the aftermaths caused by the imperfect biomechanical compatibility of the dental implant. Thus, an ideal dental implant should have a periodontium-like architecture, with multiple functions in stress cushioning and proprioception, the same as natural teeth.

Regeneration of lost periodontium is a challenge in that both hard tissues (eg, alveolar bone, cementum) and soft connective tissues (eg, periodontal ligament \[PDL\]) need to be restored to their original architecture. In particular, to restore functional resistance to masticatory load, PDL fibers must insert perpendicularly to the cementum. Guided tissue regeneration \[[@b10-medscimonit-18-8-hy42]\] and growth factor application \[[@b11-medscimonit-18-8-hy42]\] have been utilized to induce periodontal regeneration in patients with periodontal disease. However, these approaches are associated with unpredictable and variable outcomes. A common finding in repaired periodontium is that the new ligament is disorganized and therefore non-functional \[[@b12-medscimonit-18-8-hy42]\]. In recent years, the development of tissue engineering has opened a new door to periodontal regeneration. Evidence has shown that bone marrow mesenchymal stromal cells (BM-MSCs) are effective in regenerating lost hard and soft periodontal tissues in a rat periodontal defect model, and a greater number of perpendicular and functionally orientated PDL fibers are observed in an experimental group \[[@b13-medscimonit-18-8-hy42]\]. In another study in dogs, researchers have successfully produced a tissue-engineered PDL by using the cells isolated from PDL and cultured in a bioreactor on pin-like titanium implants. After implantation, new tissue consistent with PDL develops on the surface of the implants. Probing and motility assessments suggest that the implants are well-integrated, with mechanical properties similar to those of teeth \[[@b14-medscimonit-18-8-hy42]\].

Despite promising success in human patients, the tissue-engineered PDL still needs a period of time to be perfected before being applied clinically. Would it be possible to construct a periodontium-like architecture using existing technology?

In this paper, we propose the hypothesis that utilizing springs as substitutes for lost periodontal fibers to construct a stress cushioning structure inside the implant and applying nerve growth factor to induce peri-implant tissue regeneration may compensate the functions of lost periodontium in stress cushioning and proprioception.

General Information About "Nano-Springs"
========================================

The spring is a classic mechanical device for stress cushioning, which is usually made by spring steel and widely used in machines and instruments. However, if we utilize traditional springs to construct a stress-cushioning structure inside the implant, size limitation makes them unable to cushion excessive masticatory loads.

"Nano-springs" were first reported in 2010 \[[@b15-medscimonit-18-8-hy42]\], denoting a high-efficiency mechanical energy storage and retrieval device through the medium of surface energy. Compared with traditional springs, nano-springs have significantly larger stress-cushioning capacity. For example, nano-springs curved with nanowires 2.3 nm in diameter can cushion 1000 newtons force per square mm, 1600 times as much as a clock spring does. The excellent performance of nano-springs completely matches the demands in our hypothesis, since the maximum masticatory load of normal humans varies with age, tooth site and functional state, from 500 to 700 newtons on average \[[@b16-medscimonit-18-8-hy42]\].

Influence of NGF on Nerve and Bone Regeneration
===============================================

The principle of osseoperception was first proposed in the 1990s, and means that osseointegrated dental implants still have certain tactile sensibility to masticatory load without periodontic pressoreceptors, and thus help to coordinate the function of the stomatognathic system. Significant differences in tactile sensibility as a function of different implant surfaces may indicate that receptors in peri-implant hard (alveolar bone) and soft (gingival, periosteum) tissues form the basis of osseoperception \[[@b17-medscimonit-18-8-hy42]\]. In a dog model, a greater number of neurofilament protein-positive nerve fibers are observed after 3 months loading, which are mainly distributed around the implant and in bone marrow \[[@b18-medscimonit-18-8-hy42]\]. Based on the principle of osseoperception, using appropriate methods to induce peri-implant nerve regeneration may be effective for promoting proprioception of the dental implant.

First described by Levi-Montalcini and Hamburger in 1953, nerve growth factor (NGF), a member of a family of growth and survival factors known as neurotrophins, promotes the neural differentiation and survival of basal forebrain cholinergic neurons and peripheral sensory neurons \[[@b19-medscimonit-18-8-hy42],[@b20-medscimonit-18-8-hy42]\]. Within hours after axonal damage, mRNA levels of NGF and its receptors temporally increase \[[@b21-medscimonit-18-8-hy42]\], and show a second peak of expression at 2--3 days after injury. Not only increasing the width and length of neuron axons \[[@b22-medscimonit-18-8-hy42]\], NGF also induces the existing axons to bud, branch, and develop \[[@b23-medscimonit-18-8-hy42],[@b24-medscimonit-18-8-hy42]\]. Clinically, NGF is widely used to treat various types of peripheral nerve wounds caused by toxins, traumas, diabetes, etc. \[[@b25-medscimonit-18-8-hy42]--[@b27-medscimonit-18-8-hy42]\].

Regeneration of neurons is important not only in nerve wound healing but also in the healing process of other tissues. It is well known that areas which are denervated or poorly innervated heal insufficiently. For example, patients with peripheral neuropathies such as diabetes have a reduced capacity to heal wounds. This is strongly supported by experimental findings that intact innervation is important for efficient healing of skin, epithelium, tooth pulp, ligament and bone \[[@b28-medscimonit-18-8-hy42],[@b29-medscimonit-18-8-hy42]\].

The influence of NGF on fracture healing was studied by Eppley et al. \[[@b30-medscimonit-18-8-hy42]\], who found new bone formation around the regenerated neuron axons in a rabbit mandibular nerve defect model. The role of NGF in bone formation after experimental bone fracture has also been investigated in a rodent model \[[@b31-medscimonit-18-8-hy42]\]. NGF is constitutively expressed in bone tissue, but its expression, together with TrkA expression, is increased during the healing process after fracture. It has been suggested that NGF-mediated autocrine and/or paracrine mechanisms contribute to wound healing of the bone. To support this idea, topical application of NGF by using a mini-osmotic pump to the fracture site for 7 days significantly improves cartilage production, breaking strength and Young's modulus values of fractured bones.

Overall, NGF stimulates nerve regeneration and bone formation by its biological activities on both neuronal and non-neuronal cells. Topical application of NGF is regarded as an ideal method to promote the long-term success of dental implants.

The Hypothesis
==============

Design of the hypothetical implant
----------------------------------

The hypothetical threaded root form implant made of titanium alloy is divided into 2 main parts -- the shell, which has direct contact with bone tissue; and the core, which hangs inside the shell by nano-springs and connects with the abutment ([Figure 1](#f1-medscimonit-18-8-hy42){ref-type="fig"}).

The ratio between the shell thickness and the core size is critical for the stability of the hypothetical implant structure, and needs comprehensive biomechanical analysis to confirm. Thus, in some narrow implant sites, the application of the hypothetical implant may have limitations.

Based on the width of natural periodontium \[[@b32-medscimonit-18-8-hy42]\], the space between the shell and the core is, on average, 0.15 mm wide, in which nano-springs are generally assembled and oriented perpendicularly to both the shell and the core. Nano-springs can be compressed and elongated at most to 0.02 mm in order to simulate the physiological range of motion of natural teeth.

The top of the core is designed to be discoid. Its contour in the longitudinal section is a segment of a circle, the center of which is the midpoint of the opening at the top of the shell. This design makes the core able to tilt or rotate around the center of the circle when loaded by non-axial force.

The junction, an arc extension of the shell, has direct contact with the top of the core and prevents the core from dislocation. Its margins are smooth and rounded so as to avoid stress concentration. Looking down from above, the contour design of the junction is hexagonal, which is beneficial to surgical implanting ([Figure 2](#f2-medscimonit-18-8-hy42){ref-type="fig"}).

Compared with the tissue engineering method for constructing a periodontium-like architecture, the use of nano-springs can avoid problems in ethics and immunological rejection. This hypothetical implant is suitable for industrial production and could be quickly applied in clinics. But, although the shell has close contact with the core at the top of the implant, saliva would still flow into the space between the shell and the core; bacteria may multiply there and produce toxins.

Application of NGF
------------------

An improvement in the osteoconductivity \[[@b33-medscimonit-18-8-hy42]\] of implants has already been achieved by coating their surfaces with layers of calcium phosphate in various crystalline or amorphous forms \[[@b34-medscimonit-18-8-hy42]--[@b38-medscimonit-18-8-hy42]\]. Attempts have also been made to endow these coatings with the ability to induce tissue regeneration by the addition of growth factors, such as transforming growth factor beta (TGF-β) \[[@b39-medscimonit-18-8-hy42]\] or bone morphogenetic proteins (BMPs) \[[@b40-medscimonit-18-8-hy42]--[@b45-medscimonit-18-8-hy42]\].

After undergoing the treatments of sandblasting, acid-etching and microarc oxidation, the hypothetical implant will be immersed in a 5-fold concentration of simulated body fluid \[[@b46-medscimonit-18-8-hy42]\] for 24 h at 37°C under high-nucleation conditions to inhibit crystal growth. The fine, dense layer of amorphous calcium phosphate thereby produced \[[@b47-medscimonit-18-8-hy42]\] serves as a seeding surface for the deposition of a crystalline layer \[[@b48-medscimonit-18-8-hy42]\]. The crystalline layer will be produced by immersing the implant in a supersaturated solution of calcium phosphate (pH 7.4) containing rat recombinant NGF (10 mg/L), for 48 h at 37°C NGF will be enveloped in the honeycomb-like structure of calcium phosphate. After implanting, layers of calcium phosphate will be slowly degraded, which means that NGF will be released gradually to guide nerve regeneration and new bone formation.

NGF will also be injected into the periosteum and the gingival connective tissue nearby the implant site to promote the generation of nerve endings. We consider that receptors in peri-implant soft tissues may have a greater contribution to osseoperception, because more nerve endings are observed in peri-implant soft tissues compared to peri-implant bone.

Consequences of the Hypothesis and Discussion
=============================================

After implanting, good osteoconductivity, improved by the layer of calcium phosphate in crystalline form and NGF-induced new bone formation, will lead to a more rapid and finer osseointegration. Since the shell has close contact with peri-implant bone to form a stable combination, the stress-cushioning structure formed by nano-springs transfers the main biomechanical interface of the implant from outside to inside to protect osseointegration from disturbance. When the implant is loaded by either axial forces or non-axial forces, all the nano-springs are activated to cushion the forces and distribute them generously to all the peri-implant bone, so that stress concentration may be reduced.

Meanwhile, NGF-induced regeneration of nerve endings in both hard and soft peri-implant tissues may help to enhance tactile sensibility, so as to minimize occlusal overload on the implant.

Further research needs to be done before this technique is ready for clinical use. The biomechanical property of the implant should be verified first to ensure that its structure is stable enough to resist masticatory forces in humans and its design is able to reduce stress concentration around peri-implant bone in a dog or monkey model. Since the safety and efficacy of NGF in nerve regeneration and new bone formation is confirmed in both animal studies and clinical applications \[[@b25-medscimonit-18-8-hy42]--[@b31-medscimonit-18-8-hy42]\], clinical trials could thus be carried out to further investigate its efficacy in the enhancement of osseoperception. Our design is only a model. In addition to NGF, there are many other growth factors that also affect the bone healing process, such as TGF-β and BMPs. A reasonable combined application of these factors may have a better result. When these concerns are settled, we believe that the application of the hypothetical implant may have potential advantages over traditional osseointegrated dental implants.
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